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v Introduction
As the recent world food crisis has demonstrated, meeting the food needs of a growing world population, projected to reach over 9 billion people by 2050, is going to be a challenge. The challenge is especially daunting for many African and South Asian countries that face the highest population growth rates and which already have some of the severest per capita land constraints.
There are two ways to increase agricultural production. One is to use more inputs, like land, labour, water and fertiliser. The other is to adopt improved technologies and management practices that raise the productivity of the inputs that are used. For example, improved crop varieties can improve the yield response to fertilisers, improved water management practices can provide greater output per drop of water, and machines can increase the amount of work that a labourer can complete in a day. People have relied on the first source of growth -use of more inputs -for most of history, and this is still possible in some land-abundant countries in Africa and Latin America. However, most countries are already using all their available land and water, and they use other inputs to the point where additional application is not widely profitable. To meet the growing demand for food, substantial increases in the productivity of the inputs that are already used in agriculture will be required.
Raising productivity is also important for farmers. For commercial farmers this enables them to compete better in the market on cost and quality, and to increase their incomes. For subsistence-orientated farmers, this is how they can grow more food for their own consumption from their limited bundle of resources. Raising agricultural productivity also makes important contributions to a country's development. It enables a greater supply of food and other raw materials to be produced at lower unit costs, frees up labour for use in other production sectors, and saves on food imports. A dynamic farm sector also provides strong demand linkages to the non-farm sector, including agro-industry.
Not all ways of increasing agricultural productivity are equally good. Given the huge diversity of farming conditions that exists, improved technologies and farming practices must be selected and adapted to local conditions. Even then, they may lead to very different social, economic and environmental outcomes, even for comparable levels of increase in agricultural production. Not only must agricultural production be increased, but the contemporary development agenda calls for this to be done in ways that are environmentally sustainable, that contribute to reducing poverty, food insecurity and malnutrition, that create productive employment, that empower women, and that lead to more climate resilient farm and rural economies. All this is to be achieved whilst obtaining rates of return to public investments in agriculture that are competitive with investments in other sectors.
The means by which improved technologies and farming practices are developed and disseminated also vary, some being more readily provided by private sector firms (e.g. seed and engineering firms), whereas others depend more on the public sector (e.g. access to technology and markets via rural roads). Public policy also plays an important role in guiding technology discovery and adoption processes (e.g. through public funding and laws about intellectual property rights), and helps determine whether farmers will find it attractive to adopt technologies and farming practices that are win-win in terms of their desired social, economic and environmental outcomes. Public interventions are especially important for raising the productivity of poor farmers and women farmers.
Paper outline
This Topic Guide provides an overview of the ways in which agricultural productivity has been successfully raised in developing countries, and of the social, economic and environmental consequences. It draws on the available evidence base, and highlights areas where important knowledge gaps still remain.
The Topic Guide begins in Section 2 by defining key concepts and measurement approaches related to agricultural productivity, then in Section 3 provides a global review of past patterns of production growth and the contributions of productivity growth. Section 4 explores the sources of productivity growth, including the role of agricultural research in developing new technologies and management practices, and the social and economic constraints that may prevent their widespread adoption. Section 5 reviews the evidence on how improved technologies impact on the poor, both within the areas where the technologies are adopted and through spillover benefits or costs that may affect wider populations. Section 6 examines the impact of new technologies and farming practices on the environment, while section 7 addresses the specific problem of restoring prior levels of agricultural productivity in conflict areas. Throughout, special attention is given to the implications for women and poor farmers, and the types of policies that can facilitate better productivity, economic, social and environmental outcomes. Section 8 provides some concluding comments.
Key concepts for measuring agricultural productivity
The most commonly used measures of agricultural productivity are partial measures that capture the returns to individual inputs. For example, yield (output/land area), is a measure of the average productivity of land. Average labour productivity (output/number workers) is a good proxy for per capita agricultural income and, at low levels, also correlates negatively with poverty.
Although useful, partial measures of productivity are not reliable measures of economic efficiency because they do not take account of the use of other inputs or their costs. For example, land productivity can be increased by applying more labour, and this may lead to lower labour productivity. In areas with surplus land, labour productivity can be increased by farming more land, but land productivity may remain stagnant or even fall if the expansion is onto more marginal land. Moreover, both land and labour productivity are affected by the use of other farm inputs like fertilisers and tractors, which have their own economic costs.
A better measure of economic efficiency is total factor productivity (TFP), sometimes referred to as multifactor productivity. This is calculated as the ratio of total output to total input, and measures the average productivity of all the inputs used. All inputs need to be included, otherwise the measure of TFP obtained will be biased upwards by the returns to missing inputs.
Measuring partial measures of productivity for the same crop or livestock is relatively easy, given there is a single output and a single input which can be measured in quantity or value terms. However, when the outputs of different crops and livestock have to be aggregated these then need to be added in value terms, which requires the selection of suitable price indices. The challenge is even greater when measuring TFP, since not only the value of outputs but also that of all the inputs has to be valued and added. The methods used in these calculations, especially the choice of indices, have an important bearing on the results, and have been discussed at length in the economics literature (Alston et al, 1998 , provide a comprehensive discussion).
Increases in agricultural productivity, especially TFP, not only increase the returns to existing inputs, but also prevent diminishing returns from setting in when additional inputs are used to increase production. Diminishing returns imply that the cost of producing a unit of output (e.g. a kilogram of rice) increases, making agricultural products, including food, more expensive to produce.
Increases in factor productivity can arise in two ways. One is from improved technologies that shift the production function upwards (i.e. give more output for the same level of inputs). New crop varieties, for example, may give higher yields than older varieties, even when input use is held constant. The other way to raise productivity arises when farmers are not fully exploiting the potential of their current technologies. For example, their management practices may be sub-optimal, and adoption of improved practices might lead to greater output even with the same or lower levels of input use. This source of productivity gain is called an 'efficiency' gain in the literature. One example of this potential efficiency gain is the observed difference between the yields of 'best' farmers versus the average farmer operating under similar conditions. Some technology shifts are biased towards increasing the productivity of some inputs more than others, e.g. improved seeds improve the productivity of land more than that of labour, while mechanisation improves the productivity of labour more than that of land. Some shifts are more neutral and increase the productivity of several inputs at the same time, e.g. irrigation. According to the 'induced innovation' theory, these input biases are important in determining the types of technologies that are appropriate for different economic situations. For example, land-scarce countries with abundant labour will tend to adopt technologies that are biased towards raising land productivity, while countries with plenty of land relative to labour will tend to adopt technologies biased towards raising labour productivity. These patterns have been amply demonstrated through studies of agricultural productivity growth over time for different types of countries -the classic study is Hayami and Ruttan (1971; . Similar patterns are found in the more recent 'directed technology change' literature (Acemoglu, 2002) . Highly similar arguments hold for individual farms.
SECTION 3
What is the record on productivity growth?
At the global level, agricultural production has grown much faster than the population in recent decades, leading to a steady increase in per capita agricultural output (including food). In a dramatic break with historical patterns, expansion of the total cropped area in most parts of the world has played a remarkably small role in increasing agricultural production since the Second World War, to the point that growth in the global extent of cropland has virtually stagnated since the 1960s (Hazell & Wood, 2008) .
As a result of this unprecedented growth in land productivity, the world now produces more than enough food to feed the entire population to minimum UN standards if it were distributed more equitably. Even more remarkably, this surplus has been achieved despite the diversion of considerable land, labour and other rural resources to the production of higher-value foods (meat, milk, fruits, vegetables, etc.) to meet the changing food demands of growing, more urbanised, and more affluent populations. This includes the additional cereals and oil crops needed as feed grains in intensive livestock systems and inland aquaculture, and for biofuels production.
This favourable global perspective masks some important regional variation. While most parts of the developing world have successfully and continuously increased their agricultural output per capita since the 1960s, sub-Saharan Africa has experienced stagnant, even declining per capita output (ibid).
What is less certain is how much of this global increase in land productivity can be attributed to productivity growth, and how much can be attributed to greater use of inputs other than land. Also, within productivity growth, how much can be attributed to technologies that have shifted the production frontier, and how much to efficiency gains from improved management practices? These issues have been probed at some length in the literature using various measures of productivity.
A good example is a study by Fuglie (2010) who analysed the growth in the productivity of world agriculture over the period . He defined total inputs to include land and structures, labour, livestock and feed, machinery and energy, and chemicals and seeds. The partial measures of productivity reported in Table 1 show that labour productivity improved over the entire period, whereas land productivity fell. The technical changes underlying the growth in TFP were seemingly biased towards labour rather than land.
These kinds of results are not always robust, and by comparing results from alternative estimates with the same data sets (Rezek et al, 2011; Headey et al, 2010) , one finds that results are sensitive to the length of the time series used, the sample of countries included, and the technique used in calculating and decomposing TFP growth. More robust results tend to hold for aggregates of countries rather than individual countries, and for long rather than short time periods.
What drives growth in agricultural productivity growth?
The primary driver of productivity growth is new technologies and better ways of doing things, so understanding the sources and diffusion of new technologies and knowledge is fundamental. However, new technologies and knowledge only make a difference when they are adopted by farmers and rural communities; therefore, understanding the conditions under which adoption occurs is also crucial.
Sources of new technologies
There are multiple sources of new technologies and knowledge. Indigenous knowledge and farmer experimentation have historically been an important source of technological change, and accounted for slow but steady increases in productivity over generations. However, the more dramatic breakthroughs that were needed to keep pace with rapidly growing and urbanising populations have come from the application of modern science by agricultural research organisations. The development of English wheat yields is typical of what has happened in many agricultural systems around the world (see Box 1). This has led to a constant stream of new technologies that has enabled sustained and unprecedented rates of growth in agricultural productivity over the past 75 years.
Box 1 Development of English wheat yields
Between 1300 and 1700, English wheat yields increased by 50% as a result of farmer innovations, but were still only about 0.5 t/ha in 1700 (Grigg, 1984) . They began to accelerate a little thereafter, driven by such developments as: Jethro Tull's seed drill which, by planting the crop in straight rows, permitted inter-row tillage; the Rotherham mould board plough, which permitted complete inversion of the soil and better weed control; the incorporation of legumes and livestock into improved rotations; the first development of artificial fertilisers in the 1840s (Deane, 1965) .
By the 1850s, average wheat yields had risen to 1.1 t/ha, and to 2 t/ha by 1909-1913, a period which saw the more widespread adoption of artificial fertilisers. They remained relatively static until the late 1930s, after which they increased exponentially, fuelled by modern plant breeding, improved agronomy, and the development of improved inorganic fertilisers and modern pesticides. By the 1980s, average wheat yields had reached nearly 6 t/ha. Thus in the space of 40 years, wheat yields increased by 3.1 t/ha, or by more than the increase achieved in the whole of the preceding six and one-half centuries. Today English wheat yields average 7.7 t/ha.
The private sector has long been involved in developing modern inputs such as machines, fertilisers, pesticides, and hybrid seeds that can be sold to farmers on a repeat basis. However, many of the technologies and improved husbandry practices needed from agricultural research cannot be privatised in this way, and hence have had to be developed by public sector institutions. Recent developments in intellectual property rights and biosciences have enabled the private sector to increase the range of proprietary products it can produce, and hence increase its role in agricultural research. It now accounts for about 20% of global research and development (R&D) spending, but is mainly concentrated in the OECD countries, Brazil, China, and India (ASTI, 2012).
In 2008, developing countries spent US$15.6 billion (in inflation-adjusted, purchasing power parity (PPP) dollars) on public agricultural research, compared to US$16.1 billion in developed countries. Three developing countries (Brazil, China and India) accounted for half of the total developing country public spending, while sub-Saharan Africa accounted for a meagre 5% (ibid). Another US$500 million was spent on international agricultural research conducted by the international research centres of the Consultative Group on International Agricultural Research (CGIAR).
Evidence on productivity impacts
Public investments in research of these magnitudes have led to a host of studies to determine whether the investments are worthwhile from a productivity perspective.
Difficulties arise in measuring productivity impacts because of selectivity biases that make direct comparison of adopters with non-adopters suspect, of partial adoption that requires plot-level rather than household-level data, of weather variability that requires time-series data, and of more generally simply collecting reliable quantitative data on yields at the plot or farm level.
In many cases there are problems defining what the technology 'treatment' (in evaluation parlance) actually comprises. Unlike single-dimensioned treatments in, say, drug-evaluation trials, farmers typically face multi-dimensioned choices about combining different components of a technology package (e.g. seeds, fertiliser, and planting dates and densities) and may (or are even encouraged to) adapt the package to their own farm-level conditions. Lack of a standard package then makes evaluations much more difficult. A good example is the adoption of key components of the System of Rice Intensification (SRI) described in (see Box 6). Moreover, some technologies are not expected to raise yields every year, but only reduce pest or drought damage in bad years; this can be difficult to observe on any planned basis.
New methods such as randomised trials and econometric ways of pairing adopting and nonadopting farms are helping to bring greater rigour to research, especially in controlling for selectivity biases. However, they are expensive and difficult to scale up, and do not solve many of the problems listed above. A substantial body of secondary or circumstantial evidence should not be ignored, such as available results from on-research stations and onfarm trials, and from direct elicitation from farmers about perceived yield differences under a range of weather conditions. These problems notwithstanding, evidence from the Green Revolution era is pretty conclusive on linking R&D to increases in land productivity. Even though the increased use of irrigation and fertiliser was important in explaining yield growth, the release of highyielding crop varieties that responded well to favourable growing environments led to much larger total impacts on yields. In a definitive study, Evenson and Gollin (2003) provide a comprehensive analysis of the global evidence on the impact of crop-genetic improvement over the period 1965-1998 for all the major food staple crops. They also break down CGIAR's contributions and find very large impacts, especially for rice, wheat and maize.
In another study covering much the same period, Alston et al (2000) undertook a widely cited meta-analysis of 1,852 published project evaluations reporting rates of return to research investments. They found that the average annual rate of return was 65%, but that there was considerable variation across studies with a range of -100% to 910%. The average rate of return was higher for developed (98%) than developing countries (60%). It was also higher for Asia (78%) than for sub-Saharan Africa (50%), and for Latin America and the Caribbean (53%). In a recent update of this study, Rao, Hurley and Pardey (2012) expand the set of evaluations to 2,186, published between 1958-2011. The average annual rate of return was found to be 74.3%, with a median value of 43% and a range of -47.5% to an incredible 5,645% per year.
There are questions about whether these estimates are biased upwards because only evaluations from more successful projects might have been undertaken and published. Moreover, there are problems in the way internal rates of return are calculated for R&D projects that have long gestation periods; when these problems are corrected, the estimated rates of return can be substantially less, though still attractive (ibid).
Other more recent evidence from CGIAR impact studies is assessed by Renkow and Byerlee (2010) . While the impacts are not as dramatic in scale as those in earlier periods, there are several rigorous studies showing favourable impacts on productivity.
Difficulties and robust findings
One difficulty of relying on project-level studies is that only successfully completed studies are likely to be assessed. Research is inherently a risky venture, many research investments may have failed or not been completed, and the cost of these investments really ought to be included. One way this is done is through studies that evaluate the impact of entire research portfolios, such as the total public spending on agricultural research by a national government. These studies invariably use time-series data and econometric methods to estimate changes in TFP in agriculture and to measure the contributions to change of various driving factors, including spending on agricultural R&D. Analysts must contend with a number of statistical problems (e.g. interdependencies between explanatory and dependent variables, high correlations between variables over time, missing explanatory variables, and possible lag structures). In addition, the ability to make appropriate adjustments to avoid misleading results is constrained by the scope and quality of the available data set. Despite these limitations, a few robust findings seem to stand out from across studies.
The first finding is that aggregate research spending does seem to yield consistently high returns. Evenson et al (1999) identified 10 ex post studies of the returns to aggregate research programmes in South Asia. Despite some differences in methods of analysis and time periods covered, all the studies show internal rates of return to research ranging from 36% to 143%, much higher than any reasonable discount rate. In a much-cited but possibly less reliable study (because it has limited time-series observations), Thirtle et al (2003) estimate the rate of return to total R&D spending in 44 countries and calculate weighted averages by continent. They obtain a rate of return of 22% for Africa (north and sub-Saharan Africa), 31% for Asia, but -6% for Latin America. The negative return for Latin America is attributable to Brazil, which dominates the weighted average and has a -6% return.
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In a similar type of study, Fan and colleagues at the International Food Policy Research Institute (IFPRI) obtained benefit/cost ratios for different items of public rural spending, including agricultural R&D, in India and China (Fan & Rao, 2008) . Agricultural R&D spending has large benefit/cost ratios in both countries, and dominates all other forms of public spending in rural areas (see Table 2 ). Another consistent finding from studies is the long lead times that arise between the launching of new agricultural research projects and their eventual impacts in farmers' fields. These lead times can be as long as 10-20 years for some types of crop and livestock improvement research (Alston et al, 2000) , but can be much shorter for applied research on improved farming practices. Investments in agricultural research may have powerful productivity impacts, but many are not quick fixes and need to be planned well ahead. Spending on them also needs to be sustained over their full life cycles.
Adoption of new technologies
What drives the uptake of new technologies and knowledge? Some technologies can be adopted by individual farmers (e.g. new seeds), but some need to be taken up in a collective way by groups of farmers or even whole communities (e.g. surface irrigation and watershed development, and the improvement of communal forests and grazing areas).
Adoption at the community level
Population pressure on a fixed land base has proven an important driver of technology adoption at community and regional levels. There are two contrasting schools of thought about this relationship. Malthus, writing in 18 th century England, observed that population growth led to expansion of the cropped area into ever more marginal lands, resulting in declining labour productivity and per capita output. He postulated that this process of impoverishment would continue until per capita output declined to subsistence levels, below which population growth was unsustainable. Malthus assumed that there would be little technological change in farming, hence little increase in productivity.
In a contrasting and more optimistic view, Boserup (1965) argues that, as population pressure grows and labour becomes less costly relative to land, a process of 'induced innovation' occurs whereby communities invest in agricultural intensification and in improving their natural resources. For example, in many Asian societies, growing population pressure has led to labour-intensive investments in the terracing and levelling of cropland, to the construction of elaborate irrigation systems, and to the use of composting and manures.
The induced innovation theory predicts increases in agricultural output and land productivity, enabling growing populations to feed themselves. However, it does not necessarily predict that output per worker (or average labour productivity) will also increase. This will depend on the speed and type of the induced technological change. If average output per worker continues to decline, the induced innovation model can also lead to the same state of impoverishment predicted by Malthus -it will just take longer to get there. Geertz (1963) documented such a process in Java and coined the term 'agricultural involution'. Moreover, if technological change can raise labour productivity even as more workers are absorbed into the system, then per capita incomes will rise on average, and a process of sustainable economic development may be launched.
The empirical evidence on these issues is mixed. A much-cited study of Machakos district in the Kenyan highlands with the provocative title More People, Less Erosion (Tiffen et al, 1994 ) provided a striking example of induced innovation and raised hopes within the development community about the prospects for many degraded and impoverished regions. However, there are reasons to believe that Machakos owes much of its success to a favourable location with easy access to markets and non-farm jobs in Nairobi.
Community surveys conducted by IFPRI researchers in poor hillside areas in Ethiopia, Uganda, and Honduras found weak or negative relationships between population density and agricultural productivity (Pender et al, 2001; . According to this research, the key to successful community pathways out of poverty lies with improved access to markets, especially for higher-value products, and access to new technologies that can increase land and labour productivity faster than population growth. Goldman and Smith (1995) also conclude that market access is far more important than population growth in driving patterns of intensification, based on studies in Nigeria and India.
Communities vary widely in their ability to organise and sustain effective collective actionwhether it be managing community-owned resources or adopting community-level technologies. This has led to a body of research trying to understand the determinants of this variation. Over a lifetime of research, Nobel Laureate Elinor Ostrom has shown that success is conditioned on a range of physical, social, and institutional factors. On the other hand, attempts by governments to manage collective action themselves by nationalising forests and rangelands, and through top-down watershed development programmes (e.g. India), have met with limited success. The more recent trend has been towards greater devolution of the management (if not the ownership) of common properties to local communities, and the empowerment of local institutions to manage them.
There has been a veritable explosion in the formation of community-based organisations in recent years, driven largely by environmental-and development-orientated nongovernmental organisations (NGOs) that have become active at the grassroots level. Community organisations have also been promoted by some donors, such as the International Fund for Agricultural Development (IFAD) and the World Bank, as a way of funnelling investment resources directly to local communities which can invest in microprojects of their own choice (Binswanger-Mkhizi et al, 2010) .
The primary evidence base for drawing conclusions about the effectiveness of community organisations is comparative studies. These are mostly qualitative studies and, while they provide a lot of depth about what is happening within communities, they lack rigour in making comparisons across communities. At best, one finds studies, such as the IFPRI study based on a survey of a large number of communities in Ethiopia, Uganda, and Honduras (Pender et al, 2001; , that use regression analysis to explain the difference between villages; however, they are limited by difficulties in capturing relevant explanatory variables. The ideal study would be based on in-depth studies of large numbers of communities over time, but such data sets rarely exist.
Nevertheless, several useful insights have emerged. One is that community organisations are more likely to succeed when all the key stakeholders are involved. In some cases, involving only one group of farmers within the community may be necessary -as, for example, in contouring part of the landscape. In other cases, a whole village may need to be involved, as in watershed development projects. Sometimes it will be necessary to embrace several villages, for example in the management of open rangelands which may be shared by a number of local communities or even distant tribes.
Another finding is that, to avoid the capture of benefits by community elites and to be able to resolve local disputes, broad representation is needed in the governance of community organisations (Uphoff, 2001) . This is particularly important if poor and women farmers are to be empowered within such organisations (Meinzen-Dick et al, 2011) .
The start up and early development of local organisations can be particularly fraught because of a lack of leadership and technical and administrative skills in the community. There is some evidence that technical training and leadership support from outside agencies like NGOs can be crucial in the early stages of organisational development; however, this needs to be undertaken with an exit strategy in mind.
Adoption at the farm level
There is typically a lot of diversity in farm-level adoption decisions. Typically there are lead farmers who take the plunge, and then others follow when they have observed a favourable outcome. There are also many constraints to adoption, particularly in the short term, and which impact differently on individual farmers.
Adoption rates for a region typically follow an 'S' shaped growth curve over time, starting off slowly with a few innovators, then accelerating as more and more farmers join in, and then slowing again as only those who are unlikely to adopt remain. The speed of adoption and the final rate of adoption achieved (sometimes called the ceiling rate of adoption) depend to a large degree on the agro-climatic suitability of the technology and its level of profitability. The high-yielding rice varieties of the Green Revolution spread very quickly across Asia, from 0% of the rice area in 1965 to 40% by 1980, and about 80% by 2000. The adoption of the highyielding wheat varieties was even faster, reaching about 90% of the wheat area by 2000 (Gollin et al, 2005) . On the other hand, the adoption of improved crop varieties has been much slower and less complete in Africa (Evenson & Gollin, 2003) , as has the adoption of many improved natural resource-management practices around the world.
Given the importance of adoption to the success of agricultural R&D, a huge number of studies have been carried out on the determinants of technology adoption among farming populations (for reviews see Adato & Meinzen-Dick, 2007; Doss, 2006; Feder et al, 1985; Jack, 2013; Lipton, 1989) . Drawing on a large body of empirical studies, these have identified a number of frequently occurring factors that correlate with adoption rates (these are listed in Box 2).
Box 2 Common determinants of technology adoption by farmers
Characteristics of the technology: i.
Appropriateness of new technologies in terms of their fit with a farm's agroecological conditions, own consumption requirements (e.g. the storability, cooking and taste traits of new crop varieties), and available resource endowments (e.g. some new technologies or crops require lots of labour for weeding and harvesting at already busy times of the year, and this may be difficult for non-mechanised farmers to supply).
Access issues: i.
Access to knowledge about new technologies. ii.
Access to market opportunities to warrant investment beyond own consumption needs. iii.
Access to and affordability of the necessary purchased inputs like seeds, fertilisers and pesticides. iv.
Available financial resources, such as own savings and access to credit or nonfarm sources of income. This is particularly important for lumpy investments where a threshold level of capital is required. v.
The riskiness of new technologies. Production and market risks can deter adoption of improved seeds and fertiliser use, particularly if they have to be purchased with credit. For longer-term investments in resource improvements there are additional risks such as the loss of rights over land, loss of assets due to theft, civil strife or natural catastrophes, changes in health, and changes in government policies. vi.
The property rights that farmers have over natural resources can be important in determining whether they are willing to make investments that improve the long-term productivity of those resources (e.g. planting trees and contouring land). Secure property rights can also be important for obtaining credit in order to make long-term investments. vii.
Ability to organise effective collective action for some types of productivityenhancing investments that have to be undertaken jointly by neighbouring farmers or whole communities.
Household characteristics: i. Age of household. Younger households typically invest more in building up farm assets and are more likely to innovate, adopt new technologies and make long-term improvements to natural resources. Older households tend to invest less, and may scale down their farm assets through disposal or depreciation. ii. The education level and literacy level of household heads is widely associated with greater innovation and investment in farming, as is farmer training and extension. iii.
Farm size. Large-and medium-sized farms have often been the early innovators with smaller farms catching up later (Lipton, 1989) . Large farms are also more likely to adopt labour saving technologies like tractors (Pinstrup-Andersen, 1982) . That said, there is plenty of recent evidence to show that many small commercially orientated farms can be technologically dynamic, particularly in producing high-value commodities for the market. iv.
Gender is also important, but often in a perverse way, because women farmers are often discriminated against in access to new knowledge, technologies, property rights and credit .
Many of these factors are particularly constraining for women and poor farmers. They are often the least likely to have access to information about new technologies, modern inputs, credit, secure land rights, and mechanisation. Based on a review of 24 empirical studies (mostly from Africa), Peterman et al (ibid) conclude that, given equal access, there is no significant difference between adoption rates of modern technologies and inputs for men and women farmers. Hence, for productivity as well as equity reasons, there is a strong case for improving women's access to the key requisites for technology adoption (Quisumbing, 1995) . Udry et al (1995) estimate that for Sub-Saharan Africa (SSA), agricultural production could increase by between 10% and 20% if women had equal access, a very significant 'gender dividend'.
Policies to promote technology adoption
Many constraints to technology adoption reflect underlying market failures that lead to suboptimal levels of technology uptake and productivity growth from an aggregate economic perspective (Jack, 2013) . Market failures also make it harder for many poor farmers and women farmers to adopt, constraining the potential of agricultural R&D investments to contribute to social and environmental goals (such as reducing poverty and land degradation, and achieving gender equity). For these reasons, most countries have long intervened to promote the development and adoption of productivity-enhancing technologies in agriculture.
During the Green Revolution era, many governments used a top-down approach that included public provision of agricultural research and extension, shoring up farm credit systems, subsidising and distributing key inputs (especially fertiliser, power, and water), and intervening in markets to ensure farmers received adequate prices each year to make new technologies profitable. Box 3 describes the Indian experience in promoting the Green Revolution.
Research by Dorward and colleagues at the School of Oriental and African Studies has shown that these kinds of interventions can be quite effective at early stages of agrarian development. In these stages, value chains are still poorly developed, and the demand for key inputs like improved seeds and fertilisers is still too low and spatially thin for private delivery systems to work adequately (Dorward et al, 2005; . However, as value chains develop, these kinds of interventions can quickly become costly and inefficient, and need to be phased out once they have served their initial purposes.
Box 3 India's Green Revolution Agenda (Hazell, 2009) Immediately after independence in 1947, the Indian government made agricultural development its top priority. Realising that India would have to develop the physical and scientific infrastructure necessary to support modern agriculture, Prime Minister Jawaharlal Nehru and his government poured resources into the effort, allocating 31% of the country's budget to agriculture and irrigation. Massive irrigation projects, power plants, state agricultural universities, national agricultural research systems, and fertiliser plants sprang up across India. These steps were accompanied by land reform designed to create a more equitable distribution of land.
In the mid-1960s, drought and population growth made India more dependent on US food aid, despite its own agricultural potential. Following a study by the Ford Foundation in the early 1960s, the Indian government set up the Intensive Agricultural District Programme to invest heavily in agricultural extension and distribution of subsidised inputs. The government also established the Food Corporation of India, which bought excess production at a guaranteed price in order to provide stability to farmers. The government also took an active role in coordinating interventions from donors and development partners, who financed agricultural extension as well as research and development. All of this came on top of India's considerable existing infrastructure, including roads and irrigation systems -the Indian government coordinated interventions all along the market chain to enable the entire agricultural system to function.
As a result, most rural small-scale farmers could profitably obtain and use inputs such as high-yield seeds, fertilisers, irrigation, and credit. Despite heavy government involvement in the production, dissemination, and adoption of these inputs, the private sector also played a key role. The dual private and public marketing system actually helped improve the efficient distribution of inputs to farmers. The success of India's Green Revolution arose from the combination of subsidised inputs, public investments in infrastructure (roads, power, and irrigation), research and extension, and, later, marketing policy interventions that assured farmers' access to market outlets at stable prices.
Many countries cut back or phased out these interventions after the mid-1980s as part of market liberalisation programmes. This has led to a greater role for private sector and NGO players and the emergence of more innovative and diverse types of policy interventions. Some of the more successful approaches are summarised in Women often face a general pattern of discrimination that affects their access to many, if not all, the key ingredients needed for technology adoption, including land, technology, knowledge, inputs, credit and markets. Finding ways to empower women that overcome this overall pattern of discrimination would level the playing field and be far more effective than addressing each constraint on its own. However, as observe, this is not just a legal, political or economic issue: it requires changing gender relations, views and social institutions in many settings. Agricultural projects and programmes can contribute to this end by recognising the range of barriers that women and girls face in accessing programme benefits, taking action where possible, and avoiding the risk of entrenching discrimination and exclusion.
Box 4 Some innovative approaches to addressing adoption constraints for small farms (Hazell, 2010) Improving access to knowledge. Participatory research methods and farmer field schools have been developed as ways of (1) engaging small farmers more directly in the design and testing of new technologies to better meet their needs, and (2) providing information and training on an interactive basis. Such approaches seem especially promising for meeting the needs of many women and poor farmers (Davis et al, 2010; . However, questions remain about their costs and whether their impacts can be scaled up beyond the relatively small numbers of farmers directly involved. New developments in decentralising the management of public extension systems and engaging with new partners from the private and NGO sectors also look promising, but there is still a weak evidence base about their effectiveness, especially in reaching women and poor farmers.
Improving access to markets and inputs. There have been a lot of interesting developments in ways of linking small farms to high-value chains, either through contract-farming arrangements with agribusiness partners or through membership of a producer group or other intermediary organisation. Wiggins and Keats (2013) provide a useful review of approaches with many illustrative case studies. These kinds of linkages show promise for enabling more women and poor farmers to sell into high-value markets, although evidence on this is still inadequate. So far, the number of small farms benefiting from these types of linkages remains relatively small, and more work is needed on ways of scaling up from successes.
Smart subsidies.
There is much interest today in the design of 'smart' subsidies that can help kick start fertiliser use and private distribution systems, and speed up adoption of complementary technologies like improved seeds. To keep the costs of a fertiliser subsidy down, the subsidy rate should be targeted to avoid displacing existing commercial sales, and have a definite sunset clause. At this stage, vouchers look most promising as an effective delivery mechanism for a smart subsidy, and if they are redeemed through private agro-dealers they can also help build up a fully privatised procurement and distribution system (Minot & Benson 2009 ). They may also be relatively easy to target and phase out. However, they do have some problems and their use still needs rigorous evaluation in a variety of settings. Malawi has pioneered the use of smart subsides in the form of seed and fertiliser packs, and the experience has recently been evaluated by Chirwa and Dorward (2013) , as summarised in Box 5.
Rural finance. The reform of rural financial markets has led to a situation where many small farms are too big to rely on microfinance for their farm credit needs, and too small to be served by commercial lenders. A number of promising approaches have emerged to fill this gap.
One is value chain financing (VCF), made possible by new opportunities for interlinking markets for inputs, outputs and credit in today's more integrated value chains. In practice, VCF can be as simple as a trader providing a cash advance and accepting payment in kind at harvest time. Alternatively, it can be a more sophisticated configuration in which banks or external financiers provide credit to agribusinesses and traders who, in turn, lend to farmer associations or individual farmers under various types of contract arrangements (Swinnen & Maertens 2010) . Credit guarantees that underwrite part of the risk along value chains are also a promising way of leveraging more commercial bank lending to small farmers and small-and medium-sized agribusinesses. For example, AGRA, under its Innovative Finance programme, has provided credit guarantees to the Standard Bank that have leveraged US$100 million in loans to smallholder farmers and small agricultural businesses -US$25 million each in Tanzania, Mozambique, Ghana and Uganda. Another promising approach is lending against warehouse receipts, which enable farmers to borrow against their harvest once graded and stored in a public or privately commissioned warehouse.
Risk management.
Many governments have turned away from direct public interventions like crop insurance and price stabilisation, and are looking to market mediated approaches such as weather index insurance and futures markets to help small farmers manage risk. Weather index insurance shows promise, but common problems have arisen in pilot programmes, such as low farmer demand due to high basis risk and perceived low benefits, and the difficulty and cost of setting up an effective delivery network.
A recent review of some 40 pilot programmes concluded that these problems are more easily overcome if the insurance is linked to credit and a technology package that offers the farmer a real value-adding proposition that goes beyond simple risk management (International Fund for Agricultural Development and World Food Programme, 2010). Apart from a few export crops, relevant futures markets do not exist for most developing country farmers. Most small farmers need intermediaries to access the futures markets that do exist on their behalf (Hazell, 2011; Larson et al, 2004 ). The few opportunities that arise involve traditional export crops. Given the limited reach of index insurance and futures markets, most small farmers must rely on themselves and their communities to manage risk, and on public relief programmes when catastrophic losses arise.
Land rights. 2 Many small farms and women farmers do not have secure access to their land; this is an impediment to investing in some types of technology, especially those with long gestation periods. Formal land titling seems to be a more effective approach in Asia than Africa, partly because land rights are already secure at the community level within many of Africa's customary land tenure systems (Deininger, 2014; Feder & Nishio, 1999) . While there are circumstances where land titling is justified in sub-Saharan Africa, more cost effective and politically feasible alternatives often exist. Improvements to land rental and sales markets can be helpful, such as reforming rental laws and streamlining procedures for registering and enforcing contracts and resolving disputes.
Where customary land rights still prevail, it may be better to strengthen and build on existing systems rather than replace them. In fact, land titling might undermine customary systems, creating conflicting rights that adversely affect the rights of women and secondary land users (Bruce & Migot-Adholla, 1994; Deininger & Feder, 2009 ). One approach is to reinforce local institutions by titling land at the community level. A number of African governments have initiated land policy and legislative reforms based on these principles: Mozambique, Namibia, Niger, Tanzania, Uganda, and South Africa (Deininger, 2014) .
One of the most difficult challenges is securing land rights for women. For example, in much of sub-Saharan Africa, there is no concept of co-ownership of property by husband and wife under customary law, so formalising customary arrangements without first changing women's inheritance and ownership rights can lead to catastrophic outcomes for women (Joireman, 2007) . Although many African countries now give attention to gender equality in national legislation, implementation remains constrained by deeply rooted cultural norms, compounded by women's lack of access to legal institutions, especially in rural areas. Creating law regarding co-ownership without effective enforcement of that law will not improve the current situation (ibid; Meinzen-Dick & Mwangi 2008). Additionally, the education of legal and traditional authorities and men and women is needed in areas where customary law might conflict with new statutes.
In all areas of land policy there is growing evidence to show that transparent and easy access to land records, such as is now possible through digitisation and the internet, can facilitate more secure rights for small farmers, improve the efficiency of land markets, and enhance the value of land for collateral purposes.
Box 5 The experience with targeted fertiliser subsidies in Malawi (Chirwa & Dorward, 2013)
Malawi introduced a starter pack scheme in 1998/99 to provide smallholders with modest amounts of fertiliser and improved seeds for growing maize. This was initially intended as a way of promoting fertiliser and seed uptake, but was then downscaled to focus on improving the food security of vulnerable households. Recurrent food security problems led to a muchexpanded subsidy programme beginning in 2005/06 to achieve the broader goals of improving national food production and self-sufficiency. By 2008/09, around 1.5 million farmers (about 60% of the total) were each receiving one or two vouchers for 50kg bags of fertiliser. Chirwa and Dorward (2013) estimate that the programme led to sizeable increases in the use of fertiliser and in national maize production. Despite these measures costing between 7% and 9% of the government's total budget each year (and 16% in 2008/09 when fertiliser prices rocketed), benefit/cost ratios averaged over 1.2 during 2005/06 to 2010/11, and over 1.3 if secondary rounds of growth induced by production and income increases are factored in (ibid).
The impact on the poor is more nuanced. Based on beneficiary interviews and livelihood modelling: "impacts (of vouchers) on beneficiary households show immediate benefits in maize production, net crop income, household income, and to a lesser extent food consumption, with continued (lagged) benefits on beneficiaries' maize production, and to a lesser extent food consumption. School enrolment and child health also appear to have benefited from subsidy receipt. No significant impacts of subsidy receipt were detected on subjective wellbeing and investment in physical assets, but this may be affected by investment of gains from increased maize production in food consumption, school enrolment, and health" (ibid). Chirwa and Dorward also found that fertiliser use on femalecontrolled plots increased with receipt of the vouchers.
Productivity growth and poverty
Low agricultural productivity is a primary cause of poverty for many rural households, so agricultural productivity growth ought to be a powerful way of reducing poverty. However, the links between agricultural productivity growth and poverty outcomes are complex and have been the subject of considerable controversy in the literature.
Impact pathways
There are a number of pathways through which improved technologies could potentially benefit the poor (Hazell & Haddad, 2001 ). Within adopting regions, poor farmers could gain directly through increased own-farm production, providing more food and nutrients for their own consumption and increasing the output they can sell for cash income. Small farm and landless labourer households could gain additional employment opportunities and higher wages within adopting regions, both in agriculture and the local non-farm economy. Productivity growth could also empower the poor by increasing their access to decisionmaking processes, enhancing their capacity for collective action, and reducing their vulnerability to economic shocks via asset accumulation.
Poor people outside adopting regions might also gain indirectly from new technologies. Growth in adopting regions could create employment opportunities for migrant workers from other less dynamic regions. It could also stimulate growth in the rural and urban non-farm economy with benefits for a wide range of rural and urban poor people. By reducing production costs per unit of output (e.g. per kilogram of rice), productivity growth could lead to lower food prices (and hence greater purchasing power) which could provide an immense benefit for poor people.
However, technology uptake could also work against the poor. Some technologies are more suited to larger farms, or require inputs that may only be affordable for or accessible to large farms. Some technologies (e.g. mechanisation and herbicides) could displace labour, leading to lower earnings for agricultural workers. By increasing the returns to land, technology may lead to higher land rents and reduced access to rental land for the poor. Rising farm incomes might also lead to changes in consumption patterns that favour industrial and imported goods at the expense of locally produced artisan products that are produced by the poor (e.g. plastic shoes from China can displace the local cobbler). By favouring some regions over others, technology could harm poor farmers in non-adopting regions by lowering their product prices, but without the offsetting cost reductions associated with the technology.
Given that many of the rural poor are simultaneously farmers, paid agricultural workers, net buyers of food, and earners of income from non-farm sources, the impacts of technological change on their poverty status can be difficult to assess, with households experiencing gains in some dimensions and losses in others. For example, a poor farm household might gain from increased own-farm production and higher wage earnings, but lose from lower farm gate prices and higher land rents. Measuring net benefits to the poor requires a full household livelihood analysis of all direct and indirect impacts, as well as consideration of the impacts on poor households that are not engaged in agriculture and/or who live outside adopting regions, including the urban poor.
Much of the controversy that exists in the literature about how new technologies and productivity growth have an impact on the poor has arisen because too many studies have only taken a partial view of the problem. For example, many studies have only assessed the direct and often short-term impacts on adopting farm households. There has also been confusion over the scale at which poverty impacts are measured. Since there can be winners and losers both at the household and regional level and between rural and urban people, then results can be very different depending on whether poverty reduction is measured within adopting regions or for a country as a whole, and whether it is assessed separately for rural and urban people.
Micro-level evidence from within regions of adoption
The initial experience with the Green Revolution in Asia and in Latin America and the Caribbean (LAC) stimulated a huge number of studies on how technological change affects small farmers and landless workers within adopting regions. A number of village and household studies conducted soon after the release of Green Revolution technologies raised concerns that large farms were the main beneficiaries of the technologies and that small farmers were either unaffected or made worse off - Griffin (1972) and Frankel (1976) were influential critics at the time. Later evidence showed that, while small farmers did lag behind large farmers in adopting the new technologies, many of them eventually did catch up within a few years. In a comprehensive review of the literature some 10 years later, Lipton (1989) found that many small-farm adopters benefited from increased production, greater employment opportunities, and higher wages in the agricultural and non-farm sectors.
Much of the literature in the 1970s and 1980s was focused on changes in inequality and income distribution rather than absolute poverty, the latter emerging as a more important goal in the 1990s with the crystallisation of the Millennium Development Goals (MDGs) (in fact, hardly any countries even reported poverty data before the 1990s). In an early example of meta-analysis, Freebairn (1995) reviewed 307 published studies on the Green Revolution to evaluate impacts on income inequality. He found that 40% of the studies reported that income became more concentrated within adopting regions, 12% reported that it remained unchanged or improved, and 48% offered no conclusion. He also found there were more favourable outcomes in the literature on Asia than elsewhere, and that within the Asian studies, Asian authors gave more favourable conclusions than non-Asian authors. Whether this reflected differences in the ideological biases of researchers in approaching data sets, or the choice of case studies, is not known.
Other lessons drawn from this rich literature include a better understanding of the conditions under which agricultural research is on balance pro-poor within adopting regions. These conditions can be quite specific to the local socio-economic context, especially the distribution of land, small farmers' access to knowledge, key inputs and markets, and the empowerment of women farmers. National policies also matter, as can be inferred from the earlier discussion on public interventions for overcoming constraints to technology adoption, especially by poor and women farmers.
Indirect impacts and aggregate impacts
Complementing these many micro studies, a number of analysts have used cross-country and/or time-series data to estimate more aggregate relationships between agricultural growth and poverty reduction. These relationships capture many of the indirect as well as the direct impacts of agricultural productivity growth on the poor. As discussed in Section 4, aggregate studies of returns to agricultural R&D must contend with a number of potential statistical problems, and the ability to make appropriate adjustments to avoid misleading results is constrained by the scope and quality of the available data set.
Results are typically reported in the form of growth-poverty elasticities, which measure the percentage change in poverty associated with each 1% increase in agricultural output or productivity. In a widely cited study, Thirtle et al (2003) estimate that a 1% increase in crop productivity reduces the number of poor people by 0.72% in Africa and by 0.48% in Asia. For India, Ravallion and Datt (1996) estimate the elasticity of poverty reduction with respect to agricultural value added per hectare at 0.4% in the short run and 1.9% in the long run, the latter arising through the indirect effects of lower food prices and higher wages. Studies that compare growth-poverty elasticities across sectors typically find much higher elasticities for agriculture than for non-agriculture (Christiaensen & Demery 2007; World Bank 2007) .
Some studies have also quantified more explicitly the links between public investments in agricultural R&D, agricultural productivity growth and poverty reduction, and provided comparisons with other types of public rural investments. An IFPRI study by Fan et al (1999) estimates that in India, during 1970-93, public investments in agricultural R&D had the second highest impact on rural poverty after roads (see Table 3 ). They also found that agricultural R&D generated more agricultural TFP per rupee spent than any of the other public investments considered, so that agricultural R&D is an attractive win-win option for agricultural growth and poverty reduction. Studies of China, Thailand and Uganda also show high rankings for agricultural R&D in promoting poverty reduction and agricultural growth (Fan & Rao 2008 In a rare attempt to single out the impact of agricultural R&D on the urban poor, Fan (2007) estimates that, in India, during 1970-1995, the cumulative impact of agricultural research investments through TFP growth lifted between 2% and 2.5% of the remaining urban poor out of poverty each year. This was primarily through reductions in food prices. Since the same investment in research also lifted many rural poor out of poverty, there was a double dividend that made agricultural research investments especially attractive.
Another body of literature analyses the indirect income and employment created in the nonfarm economy (NFE) as a consequence of agricultural productivity growth, and how these might have benefited the poor. Some studies limit their analysis to growth linkage benefits within the NFE of adopting regions, while others attempt to capture the NFE benefits at the national level. Analytical approaches vary from simple linear, fixed price input-output and semi-input-output multiplier models, to econometric modelling and estimation, to simulations with computable general equilibrium (CGE) models. Haggblade et al (2007) compare multiplier estimates (in Table 7. 3) from a variety of empirical studies using different methods. They report multipliers that measure the total income created in a regional or national economy for an additional £1 originating in agriculture -a multiplier of 1.5 therefore means that another £1 income generated in agriculture leads to a £0.5 gain in NFE income, and a total income gain of £1.5 to the economy. Most estimates of regional multipliers fall in the 1.3-2.0 range, while national multipliers fall in the 1.5-3.0 range. The multipliers are typically lower when estimated with price endogenous or econometric models than with different variants of input-output models. They are also typically higher for Asia than for Africa and Latin America, one reason being that Asia's more input-intensive farming systems have stronger linkages to NFE.
Another important result from this body of literature is that much of the indirect income growth induced in the rural NFE arises within the services and informal manufacturing sectors, and these are typically labour-intensive activities that are important to women and poor people. Consequently, the multipliers can lead to substantial benefits for the poor (Haggblade et al, 2007; Hazell & Haggblade, 1993) .
Future challenges
In summary, agricultural productivity growth has had mixed direct impacts on the poor within adopting regions, with outcomes being sensitive to local socio-economic conditions and national policies. On the other hand, indirect impacts on the wider population of rural and urban poor through lower food prices, higher wages, and growth linkages to NFE seem to have been powerful and more consistently positive. They are often powerful enough to more than offset any negative direct impacts within adopting regions (as evidenced by the sizeable poverty elasticity estimates reported above).
Experience also suggests that policies matter, and it may be asking too much to expect that agricultural R&D on its own can make all the poor better off; complementary policies to help spread the benefits may be needed. Box 3, for example, describes how India pursued a set of policies that helped ensure small farms were not left out of the Green Revolution, and which contributed to more favourable outcomes for the poor within adopting regions than would otherwise have been the case.
Some of the lessons from this vast literature on productivity growth and poverty may have to be qualified today because circumstances have changed since the Green Revolution era. Prominent among these changes are that globalisation and market liberalisation policies and rapid urbanisation have transformed the economic context for agricultural growth in most countries, and made food prices less contingent on national production. Small farms have also become smaller (in India, for example, they are now less than half the size of small farms during the Green Revolution), and small farm households are much more diversified into off-farm sources of income (Masters et al, 2013) . Also, the majority of the rural poor now live in less-favoured regions that missed out on the Green Revolution, and where the potential to raise agricultural productivity can be more challenging (Ghani, 2010; Hazell & Wood, 2008; World Bank, 2007) . Within this changed context, many poor rural households with limited access to land might gain more from migration and non-farm opportunities than from productivity gains or wage earnings in farming, and the urban poor might benefit more from agricultural trade policies than from increases in national food production (Dercon & Collier, 2013) .
These changes do not rule out an important future role for agricultural productivity growth to benefit the poor, but they do suggest that investments like agricultural R&D may need to be targeted differently than in the past. For example, a recent foresight study sponsored by the Independent Science and Partnership Council (ISPC) of CGIAR concludes that agricultural R&D investments for small farms need to be differentiated according to the regional context in which farmers live and the market orientation of the farmers (Masters et al, 2013 ).
In particular, Masters et al (ibid) distinguish between favoured areas that have good agricultural production potential and/or good market access, and less-favoured regions with poor agricultural production potential and/or poor market access. Favoured regions provide many more business opportunities for small farms, particularly in today's world of rapid urbanisation and globalisation of agricultural value chains. The opportunities for shifting into higher-value agriculture for urban and export markets can be particularly attractive as, for example, in some of the rural hinterlands around large cities in India, China, and Mexico. This is also true of the opportunities for producing fresh horticultural products for export in Kenya and Central America. In less-favoured regions, market opportunities for most small farms are much more constrained, and crop yields can be expected to be lower. These regions tend to be much less competitive, more risky, and orientated to production of staple foods, largely for local consumption.
Within these two types of regions, it is also recommended that a distinction is made between market-orientated farmers who are more likely to succeed on a commercial basis, and transition or subsistence-orientated farmers who are either at various stages of transition out of farming or who farm primarily to meet own subsistence needs. The kinds of technologies and assistance appropriate for these two groups can be quite different, with implications for the kinds of R&D they need and whether the private or public sector is best positioned to provide it.
Further research is needed to develop and test the relevance of smallholder typologies for targeted R&D and other forms of small farm assistance, including developing practical ways of identifying the different groups of farms on the ground. There has been a lot of recent work using GIS and spatial analysis methods to identify target areas for rural development purposes. Most of this work focuses on mapping different regions in terms of their agroecology, market access, and rural population density (see, for example, Omamo et al, 2006) ; however, there has been limited work so far on disaggregating further, according to differences in farmer endowments, market orientation, and gender.
Productivity growth and sustainability
There are serious concerns today that many of the more successful pathways to agricultural productivity growth are not sustainable from an environmental perspective. Given the growing human demands on farming systems, attempts to achieve environmentally sustainable solutions at current or lower levels of productivity will not be enough, and the real need is for further productivity growth but on a sustainable basis. This is often referred to as 'sustainable intensification'.
There are serious questions about the long-term sustainability of many past patterns of agricultural productivity growth. In intensive (often irrigated) farming systems there are continuing problems with surface water and aquifer depletion, water logging and salt build-up in irrigated lands, pesticide poisoning, chemical (especially nitrate) pollution of waterways, biodiversity loss, and greenhouse gas emissions. In extensive farming systems, often located in low-potential and unirrigated areas, the main problems are expansion of the agricultural area into remaining forest, habitat and biodiversity loss, soil erosion, soil fertility depletion, degradation of watersheds, and decreasing carbon sequestration capacity (Hazell & Wood, 2008) . The resilience of many farming systems is also being challenged by climate change.
A priority for irrigated farming must be to improve water-use efficiency while substantially reducing total water use, water pollution, land degradation, and the unsustainable mining of groundwater. Many suitable technologies and natural resource management (NRM) practices have been developed. These include improved fertiliser management (involving better choices about fertiliser types and application rates and timings to better match the changing nutrient needs of plants over their growing season). Other examples are the system of rice intensification or SRI (see Box 6), greater use of ecological principles in pest management -as in integrated pest management (IPM) (see Box 7) -and improved water management practices (World Bank, 2007) .
A priority in many extensive farming systems is to increase land and labour productivity through more intensive farming approaches that can reduce human pressure on the natural resource base. One promising technology that has already had far-ranging impacts in many hillside and agro-pastoral areas is agroforestry . Another technology, conservation farming, has been successfully adapted to a wide range of conditions in Latin America, Asia and Africa (see Box 8). In the Sahelian countries, simple and low-cost bunding techniques and tree planting retain soil nutrients and reduce erosion, leading to higher and more stable yields and incomes (Haggblade et al, 2010; Reij et al, 2009 ). Smallscale watershed development projects have been shown to increase farm incomes and reduce soil erosion in some of the lower rainfall areas of Ethiopia and India (Pender et al, 2006; Kerr et al, 2002; Joshi et al, 2005) . Small-scale, farmer-controlled irrigation developments that use simple and low-cost technologies like river diversion, lifting with small (hand or rope) pumps from shallow groundwater or rivers, or seasonal flooding, enjoy localised successes in Africa, especially when used to grow high-value horticulture crops (World Bank, 2007) .
Box 6 System of rice intensification (SRI) (Hazell, 2008) SRI was developed in the early 1980s by Henri de Laulanie, a French missionary priest in Madagascar, as an alternative approach to the standard Green Revolution rice technologies for small-scale farmers. It has since been widely promoted by a number of NGOs and the International Institute for Food, Agriculture and Development (IIFAD) at Cornell University.
The main components of SRI are as follows: transplanting of young seedlings (8-15-day-old instead of 3-4-week-old plants) on small hills at much lower plant densities than usual; water management that keeps the soil moist rather than flooded; frequent weeding; use of large amounts of organic compost for fertiliser.
The claimed benefits include high yields, even with traditional rice varieties; significant savings in seed; little or no artificial fertiliser required; natural pest and disease control, eliminating the need for pesticides; reduced water use; a flexible management system that allows farmers to experiment and adapt the approach to their particular growing conditions. The approach is claimed to be environmentally sustainable and of particular relevance for poorer farmers who cannot afford modern inputs (Uphoff, 2003) .
SRI has generated enormous controversy, largely because of claims of very high yields, sometimes exceeding the best experiment station yields for modern rice technologies, sometimes even without the use of fertiliser or modern varieties. These high yields defy current understanding of the physiology of rice plant growth (Sheehy et al, 2005) . Proponents argue that there are strong synergies between the different management components of SRI that lead to strong root growth and higher yields, although these synergies are not well understood (Mishra et al, 2006) .
Few of the yield claims have been verified under controlled experimental conditions. Trials undertaken at IRRI found no significant yield differences between SRI and conventional GR practices (Namara et al, 2003) . McDonald et al (2006) analysed 40 sets of field trial results reported in the literature (five from Madagascar and 35 from 11 Asian countries) which compared SRI with 'best management practices' appropriate to each site. Apart from the five Madagascar studies, which consistently showed higher yields with SRI, SRI led to an average yield loss of 11% in the other 35 studies, with a range of -61% to 22%.
Yield gains appear to be better in farm-adoption studies. Farmers in Ratnapura and Kurunegala Districts in Sri Lanka obtained 44% higher yields on average with SRI than with modern rice farming methods (Namara et al, 2003) , and the average yield gain was 32% for farmers in Purila District of West Bengal (Sinha & Talati, 2007) . However, in both studies SRI farmers showed considerable variation in the management methods they used, making it rather unclear as to what was being compared in the name of SRI. For example, many SRI farmers used inorganic fertiliser as well as compost, many grew modern as well as traditional rice varieties, and their weeding and water management practices varied considerably.
SRI has yet to be widely adopted in any one country, although it can be found on a small scale in many countries, including many parts of South Asia. Some of the reasons for poor uptake include the difficulties of controlling water with sufficient precision in many surface irrigation systems, the need for large amounts of compost, and the high labour demands for transplanting, hand weeding, and generating and distributing compost. This is confirmed by available adoption studies. In Sri Lanka, adoption is positively related to family size (availability of labour) and ownership of animals (availability of manure), and is more common among rainfed than irrigated rice farmers (Namara et al, 2003) . Moser and Barrett (2003) obtained similar results in an adoption study in Madagascar. Moser and Barrett (ibid) , Namara et al (2003) and Sinha and Talati (2007) all found that adopters only practice SRI on small parts of their rice area despite higher returns to both land and labour, and they also found high rates of disadoption. This again suggests important constraints, possibly labour or suitability of available irrigation systems, as well as disappointing returns.
Controversy about SRI continues, and the best conclusion may be that there are some features of the approach, such as improved planting densities and water-management practices, can be usefully incorporated into modern rice growing practices without giving up the advantages of using improved varieties and fertilisers.
Box 7 Integrated pest management (IPM)
Pest problems emerged as an important problem during the early Green Revolution era because many of the high-yielding varieties first released had poor resistance to some important insect pests and diseases. The problem was compounded by a shift to higher cropping intensities, monocropping, high fertiliser use (which creates dense, lush canopies in which pests can thrive), and the planting of large adjacent areas to similar varieties with a common susceptibility. Control was initially based on prophylactic chemical applications, driven by the calendar rather than incidence of pest attack. This approach disrupted the natural pest-predator balance, and led to a resurgence of pest populations that required even more pesticide applications to control. Problems were compounded by the build-up of pest resistance to the commonly used pesticides. As pesticide use increased so did environmental and health problems. One study (Rola & Pingali, 1993) found that the health costs of pesticide use in rice reached the point where they more than offset the economic benefits from pest control.
As problems with the use of pesticides began to emerge, researchers gave greater attention to the development of crop varieties that have good resistance to important pests, and biological and ecological pest-control methods. This led to the development of integrated pest management (IPM), an approach that integrates pest-resistant varieties, agronomic and biological means of control, and the judicious and selective use of pesticides only when pest attacks occur. IPM was promoted widely across Asia beginning in the 1980s, backed by policy changes that made pesticides more expensive (e.g. removing subsidies or imposing import tariffs), as in Indonesia, Bangladesh and The Philippines. Although IPM was initially developed for rice, IPM approaches have since been developed for many other crops.
Studies show that the main advantages of IPM for farmers arise from reduced labour and pesticide costs rather than higher yields, and from reduced health problems (e.g. Susmita et al, 2007) . However, the scale of adoption has been disappointing. An important constraint is that IPM is a knowledge-based technology that needs to be adapted to specific locations and situations, and this poses serious challenges in regions with large numbers of small farms. Farmer Field Schools (FFS) have proven an effective approach for promoting IPM, but are costly and only train a few farmers at a time. There is little evidence to show that knowledge spreads spontaneously from trained to untrained farmers. Conservation agriculture (CA) is a system of crop farming that was developed in response to the Dust Bowl of the 1930s in the US Great Plains that resulted from excessive tillage. Conservation agriculture is based on three principles, designed to enhance biodiversity above and below ground: a) minimum or no mechanical soil disturbance throughout the entire crop rotation, b) permanent organic soil cover through cropping and mulching, and c) diversified crop rotations in the case of annual crops or plant associations in the case of perennial crops.
The claimed benefits of CA include reduced wind and water erosion, better weed control, conservation of soil moisture, and improved soil organic matter and fertility. CA also saves on mechanisation costs and greenhouse gas emissions, and sequesters more carbon in the soil. Weed control can be a problem, and it was only after the development of selective herbicides that the practice began to spread across North and South America and, to a lesser degree, in Europe. Farmers in Iowa (USA), for example, growing maize on their deep, highly organic long-grass prairie soil, do not till their land, but do apply herbicides to control the weeds. In 2004/05, worldwide adoption of CA was about 95 million hectares (or about 6.7% of the total cropped area).
CA principles are now being applied in many parts of Africa, by national agricultural research systems (NARS) and by NGOs. In these circumstances, weeding is still a challenge but is being tackled relatively successfully by hand weeding, without the use of herbicides. In general, yields under CA are significantly higher than under conventional farming in large part due to improved soil and water conservation.
While it is relatively easy to demonstrate the yield and income impacts of these kinds of technologies and NRM practices, assessing their longer-term environmental impacts is more challenging, and there are few impact studies that have succeeded . This is partly because of difficulties in measuring environmental changes over the time spans and levels of scale (e.g. from plot to landscape to watershed) required, and also because of difficulties in assigning economic values to changes even when they can be measured (Freeman et al, 2005) . The few impact studies that exist either report changes in selected physical indicators or rely on farmers' perceptions of change in resource or environmental condition (e.g. Kerr et al, 2002) , or rely on model simulations.
Despite the development of and successful demonstration of many better technologies and NRM practices for reducing environmental problems in agriculture, their uptake and spread remains grossly inadequate. Like other technologies, most of the adoption constraints listed in Box 2 apply, but some factors are especially important (Shiferaw et al, 2009) . One is the high knowledge and labour requirements of many improved NRM practices (Tripp, 2006) . Another is the need for collective action for NRM practices that need to be implemented at the landscape level (e.g. soil erosion control and watershed development) or by groups of adjacent farmers (e.g. IPM and improved water management practices) (Meinzen-Dick et al, 2002) . In some cases, subsidies on water, fertilisers and pesticides act to encourage farmers to use excessive amounts of these inputs, thereby working against responsible environmental management.
Another widespread problem is the offsite (or externality) nature of many environmental problems, meaning that the farmers who cause an environmental problem do not bear the full consequences of the damage. With water pollution, for example, it is the people who live downstream of the offending farmers who suffer the consequences. Again, farmers who mine groundwater have an impact on all users in a watershed. In these kinds of cases, the standard policy approach is to regulate and penalise the farmers causing the problem, but this requires more effective public institutions and enforcement systems than exist in most developing countries. Sometimes solutions can be found in local organisations that bring key stakeholders together (e.g. river basin management authorities provide a forum for linking upstream and downstream users).
Not all externalities are costs. Some externalities lead to benefits, such as the provision of important environmental services like watershed and habitat protection, and carbon sequestration. These can be of considerable benefit to societies at large, but the farmers and communities who provide these services are not rewarded for their efforts in the market. The result is that they engage in farming practices which, even if sustainable, do not provide sufficient environmental services. In these cases there may be need for some form of financial compensation (World Bank, 2007) .
British and European farmers are compensated for providing environmental services on their farms, such as protecting headlands, hedges and wildlife. Unfortunately, few developing countries can afford these kinds of payments and more promising solutions lie in the emergence of market based schemes for paying for environmental services (PES). Emerging carbon payment markets are a good example, and under some circumstances can be used to pay farmers for sequestering carbon in their landscapes. The payment originates from private industries that must stay within carbon caps either by reducing their own emissions or by paying others to make compensating carbon offsets. So far there is limited experience in using PES in agriculture, but a lot of interesting pilot schemes are being tried (World Bank, 2007) . 
Productivity growth in conflict areas
Most conflicts in the developing world take place in rural areas, displacing large numbers of civilians, disrupting their agricultural livelihoods, and undermining agricultural productivity and food supplies. Rebuilding agriculture is an important strategy for post-conflict reconstruction. It not only offers an opportunity to improve food security and enhance livelihoods, but agriculture is also well suited to absorb demobilised combatants.
An immediate need for restoring agricultural production in post-conflict situations is to provide agricultural inputs and assets including seeds, tools, and livestock that have been lost during the conflict. Most post-conflict programmes give high priority to providing these inputs, but as Birner et al (2011) note: "Programmes that distribute such inputs are subject to substantial governance challenges, such as leakage of funds and procurement of substandard material. Moreover, unlike community infrastructure such as schools or boreholes, agricultural inputs are private goods, and the challenge of capture by better-off households is particularly pronounced. In post-conflict situations, additional challenges arise due to the limited capacity of both government and community-based institutions to implement such programs effectively". Capture and sub-standard materials are not just a problem of leakages, but can breed resentment that leads to renewed conflict.
In providing key agricultural inputs, development agencies and governments have tried a variety of approaches to overcoming governance problems, including the decentralisation of programme implementation to local governments, the use of community-based procurement approaches, and the use of vouchers for agricultural inputs. There is limited evaluation evidence on how well these various approaches work, and hardly any literature that compares their performance in resolving governance challenges. An exception is Birner et al (2011) , who studied the agricultural input supply programmes implemented in post-conflict northern Uganda. Their study evaluates and compares the performance of two World Bankfunded government programmes: the National Agricultural Advisory Services programme (NAADS) and the Northern Uganda Social Action Fund (NUSAF); two programmes funded by DANIDA; a Caritas programme; a programme of the International Committee of the Red Cross; a programme run by the NGO Heifer International. Together, these programmes provided contrasting experiences in the same region on four different implementation mechanisms: (1) public procurement of inputs either by government agencies or by NGO implementing agencies; (2) procurement of inputs by community groups, with funds being channelled either through local government accounts or the groups' own accounts; (3) input voucher programmes with a public works component, or without a public works component; (4) cash-for-work programmes with incentives for investment in agriculture.
Using a modified policy network analysis framework and stakeholder interviews, Birner et al find that each approach has strengths and weaknesses in overcoming governance problems. For example, combating corruption among public officials using community-based procurement may come at the expense of elite capture in community groups. Additionally, using specialised organisations for delivering post-conflict programmes may work well in the short run, but may affect the possibility of creating well-functioning institutions in the long run. Moreover, many interesting approaches work well on a small scale when implemented by dedicated and committed project teams; however, scaling up such experiences is not easy. Nevertheless, scaling up is necessary if agriculture is to be rebuilt and peace assured at the regional level.
The performance of rural producer organisations (RPOs) in bridging the gap in service provision in post-conflict situations is also analysed by Ragasa and Golan (2012) . They surveyed a sample of RPOs in the Democratic Republic of the Congo (DRC) and found that success in terms of performing well and benefiting their members depended on an enabling environment, good governance, and security, all of which can be difficult to achieve in postconflict situations, especially if they depend on a broader range of governance and institutional reforms that extend well beyond the agricultural sector (World Bank, 2011) .
It is often argued that agriculture can make important contributions to avoiding conflicts. For example, poverty, inequality and weather shocks are all positively associated with conflict (ibid); therefore, investments in agricultural productivity growth that lead to inclusive and resilient patterns of rural growth should be helpful. This might be especially important in lagging regions that are heavily populated and in regions with large ethnic minorities. Although the logic seems impeccable, the empirical base to substantiate such claims remains mixed (de Soysa & Petter Gleditsch, 1999) .
SECTION 8
Summary and future priorities Summary
Since the 1960s, growth in global agricultural production has kept ahead of population growth, contributing to a downward trend in world food prices when adjusted for inflation, and a supply of food that is adequate to feed the entire world population to minimum UN standards were if more equitably distributed. The increased use of inputs, particularly water, fertilisers, and labour, explained about half the total increase in agricultural production between 1960 and 2007, while the remaining half was due to increases in agricultural productivity (i.e. to gains in the efficiency with which inputs are used in farming). Strikingly, this increase in productivity since 1960 has enabled agricultural production to grow without having to convert much additional land to farming, thus helping to retain large areas of land in forest and other environmentally valued uses. This favourable global perspective masks some important regional variation. While most parts of the developing world have successfully and continuously increased their agricultural output per capita since the 1960s, sub-Saharan Africa has experienced stagnant, even declining per capita output, and some regions have experienced more significant land conversion to agriculture.
Agricultural research has played a key role in raising agricultural productivity, both by contributing new and improved technologies that give more output per unit of input, and by helping farmers improve the efficiency of their management practices. The productivity returns to agricultural research have generally been high, although controversy remains about just how high in terms of the economic returns to the investments made.
Many farmers have benefited from increased productivity, but only when they have been able to adopt the improved technologies and management practices that became available. Adoption typically requires access to knowledge, key inputs and credit, and access to these inputs depends on local availability and household characteristics. For example, younger and more educated farmers tend more often to adopt, as do farms that are located near roads or market centres that facilitate access to agro-dealers and markets. Women farmers and poor farmers typically face the most constraints in adopting better technologies, and are most in need of supporting public policies. Recent years have seen a paradigm shift in policies for assisting farmers adopt new technologies, from a top-down public sector supply model to one in which the public sector works through a myriad of private sector and NGO players. It is still too soon to know if this new paradigm will be sufficient to successfully reach many small farms, or poor and women farmers.
Agricultural productivity growth has been widely beneficial to the poor, especially where it has helped keep food prices lower than they would otherwise have been, and where it has generated additional income and employment opportunities in the farm and non-farm economy. However, the distribution of benefits within farming communities that have adopted new technologies has led to mixed outcomes for the poor, and which are conditioned by initial socio-economic conditions such as farm size distribution and prevailing agricultural policies.
Although agricultural productivity growth has saved large areas of forest and other valued land uses, it has also had negative impacts on the environment. Serious questions have arisen about the sustainability of some of the more intensively farmed areas. Agricultural research has contributed to the development of more sustainable and environmentally benign farming practices for intensive farming systems, but their widespread adoption remains disappointing. Some important reasons are their knowledge and labour intensity, and the distorted incentives that arise when governments subsidise the use of fertilisers and irrigation water, or where environmental costs arise off farm (i.e. they impact on people other than the ones causing the problem). It also needs to be recognised that many of the environmental problems associated with agriculture have little to do with intensive farming, but arise in areas that still depend on extensive farming practices and where population growth is placing high stresses on the natural resource base. In these cases, productivity growth through agricultural intensification needs to be part of the solution, along with more sustainable management practices.
Too slow agricultural productivity growth has been linked to violence and conflicts in rural areas, although the empirical evidence on this linkage is still less than compelling. What is clearer is that restoring agricultural productivity growth needs to be part of any strategy for post-conflict recovery.
Future Priorities
Looking to the future, most countries have limited opportunities for further expanding their agricultural area and irrigation capacity. Consequently, future agricultural growth will become more dependent on productivity growth rather than greater use of inputs and, as shown in Table 1 , this is already reflected at the global level. There is no evidence to show that the returns to agricultural R&D are declining over time, but if they are to be maintained, the best hope lies then in further advances in biosciences and information technology. Farmers in many developed countries are already tapping into these sources of productivity growth, but their full impact has yet to be felt, especially in the developing world. Future research will also need to emphasise the need for sustainable intensification, and for adapting to climate change.
Agricultural productivity growth will also continue to be important for the poor. Poor people everywhere benefit from less costly food supplies; however, unlike the past, market liberalisation and globalisation have reduced the dependence of individual countries on their own food production and hence weakened the link between own production and prices. Yet, this relationship still holds globally, and persists in many land-locked regions and countries that do not have ready access to world supplies.
Small farms and women farmers have played dominant roles in past patterns of agricultural growth, and seem likely to continue to do so. Enhancing their on-farm productivity can still be important for enhancing their welfare and helping many escape poverty. However, agricultural research may need to be targeted differently in the future if it is to benefit these groups. Many small farms have become tiny and have diversified into off-farm sources of income, and now farm largely for their own consumption. Many of the poorest small farms are also located in less-favoured regions where agricultural productivity remains low and difficult to increase. At the same time, small farms wishing to expand into high value agriculture as a way of raising their productivity face hurdles in linking to modern value chains. In this changing context, the latest thinking is to differentiate farms on the basis of their regional context (e.g. favoured vs less-favoured regions in terms of agricultural potential and access to markets) and to distinguish between market-orientated vs subsistenceorientated farmers. Pro-poor research can then be targeted at subsistence-orientated farms and integrated alongside other complementary interventions that can assist them exit or diversify further out of farming; productivity-orientated research for more commerciallyorientated farming can be targeted at market-orientated farmers along with interventions to
